During viral infection, transcriptional regulation plays a major role in maintaining the coordinated expression of viral genes. However, other regulatory mechanisms, such as those that exert their effects posttranscriptionally, are important in the viral life cycle. Examples include translational control (17, 25, 58, 68) , RNA editing (3, 22, 65) , RNA transport (8, 12) , RNA stability (24, 59) , splicing (12) , and 3Ј-end formation and polyadenylation (11, 40) . However, many of the cis-and transregulatory elements that govern posttranscriptional control during viral infection remain uncharacterized.
We have been studying differential polyadenylation of the herpes simplex virus type 1 (HSV-1) UL24 gene. UL24 transcripts possess two distinct 3Ј ends due to the alternative use of two poly(A) sites (6) . One site is promoter proximal, located 191 nucleotides downstream of the UL24 termination codon (nucleotide 48737, using the numbering of McGeoch et al. [34] ), whereas the other is located roughly 4.0 kb downstream, 49 nucleotides 3Ј of the UL26 open reading frame (ORF) (6) (Fig. 1) . As three different 5Ј ends have been detected for UL24 transcripts ( Fig. 1) (26, 45, 46, 67) , the UL24 locus gives rise to six different mRNAs. For example, the 1.4-and 5.6-kb UL24 transcripts initiate at or near nucleotide 47402 but have different 3Ј termini due to processing at the UL24 and UL26 poly(A) sites, respectively (6) . It is usually the rule that transcripts are processed at the promoter-proximal poly(A) site (9, 11, 29, 66) because 3Ј processing is coupled with transcription and occurs on nascent transcripts (33) . Only when the promoter-proximal polyadenylation signal is weak does processing occur at downstream poly(A) sites (11, 66) . The observation that 5.6-kb UL24 transcripts, processed at the promoter-distal UL26 poly(A) site, are as abundant as or more abundant than 1.4-kb transcripts (6) processed at the promoter-proximal UL24 poly(A) site indicates that the UL24 poly(A) site is operationally weak. Interestingly, the patterns of temporal expression of these two transcripts are different, with the 1.4-kb transcript displaying early gene kinetics and the 5.6-kb transcript exhibiting leaky-late gene kinetics (6) . One explanation for the different kinetics displayed by the two transcripts is that the 1.4-kb UL24 transcript decays more rapidly than the 5.6-kb transcript. However, an alternative explanation is that the temporal expression of these two transcripts is modulated in part by differential polyadenylation.
Previous studies have suggested that the HSV regulatory protein ICP27 (also known as IE63, IE2, and UL54) stimulates 3Ј-end processing of genes containing nonoptimal or weak polyadenylation signals, at least in transfected cells and in in vitro polyadenylation reactions (35, 57) . ICP27 is required for lytic infection and efficient viral DNA replication (32, 48, 52) . It can repress the expression of several immediate-early and early genes (1, 10, 19, 38, 47, 50, 62) and can trans activate viral gene expression, as evidenced by the requirement of ICP27 for early and late gene expression (21, 32, 35, 48, 52, 64) . Other roles proposed for ICP27 include inhibition of host cell pre-mRNA splicing (18, 20, 41, 43, 56, 57, 60) , stimulation of late gene transcription (28) and posttranscriptional processes (60) , and export of late gene mRNAs from the nucleus to the cytoplasm (42, 61) .
In this study, we examined the stabilities of the UL24 transcripts and the role of ICP27 in expression of these transcripts. We hypothesized that ICP27, which has been reported to stimulate weak polyadenylation signal usage (57) , might play a role in stimulating processing at the UL24 poly(A) site early in infection. We found that the 1.4-and 5.6-kb transcripts have similar stabilities in infected cells. Contrary to our expectations, we found that an ICP27 null mutant expressed higher levels of the 1.4-kb transcript than of the 5.6-kb transcript. These results provide evidence that alternative polyadenylation site usage is in part responsible for the temporal expression of the two transcripts and that although usage of the operationally weak 1.4-kb UL24 poly(A) site does not require ICP27 in infected cells, ICP27 acts at a step subsequent to transcriptional initiation, leading to an increase in the levels of the 5.6-kb transcript.
MATERIALS AND METHODS
Viruses and cells. The wild-type (wt) HSV-1 strain used in this study was KOS1.1 (23) , which was propagated in Vero cells (American Type Culture Collection, Rockville, Md.) as described previously (4) . ICP27 mutant viruses d27, n504R, and n263R (48, 50) were propagated in the ICP27-complementing cell line V27 (48) . Cells were maintained in Dulbecco's modified Eagle's medium supplemented with 5% newborn calf serum, 10 mM HEPES (pH 7.5), penicillinstreptomycin (100 U/ml), and 200 mM L-glutamine. For studies of mRNA stability, Dulbecco's modified Eagle's medium was replaced at 5 h postinfection with medium containing actinomycin D (5 g/ml; Sigma Chemical, St. Louis, Mo.). Where indicated, viral DNA replication was inhibited by the addition of sodium phosphonoacetic acid (PAA; Sigma) to the medium at a concentration of 400 g/ml at the time of virus adsorption.
RNA isolation and Northern blot analysis. Total RNA was prepared from infected cells by using an RNAqueous kit (Ambion, Inc., Austin, Tex.) or as described previously (7) . Cytoplasmic RNA was prepared as described previously (64) . Polyadenylated mRNA was selected from 10 g of total or cytoplasmic RNA, using a MicroPoly(A)Pure mRNA purification kit (Ambion) according to the manufacturer's instructions except that the RNA pellet was washed twice with 70% ethanol, air dried briefly, and resuspended in sample buffer (10 mM morpholinepropanesulfonic acid [MOPS; pH 7.0], 4 mM sodium acetate, 0.5 mM EDTA, 50% freshly thawed formamide, 6% formaldehyde, 7% glycerol). Samples were heated at 68°C for 15 min, placed immediately on ice, and then separated by electrophoresis into a 1% denaturing agarose formaldehyde gel (SeaKem LE agarose; FMC BioProducts, Rockland, Maine) at 115 V in 10 mM MOPS (pH 7.0)-4.0 mM sodium acetate-0.5 mM EDTA (55) . RNA was transferred overnight to Duralose membranes (Stratagene) in 20ϫ SSC (3.0 M NaCl, 0.3 M sodium citrate [pH 7.0]) and was cross-linked to the membrane by using UV light. Northern blot hybridization and probe preparation were performed essentially as described previously (15) . The UL24 probe, a 550-bp EcoRIHindIII fragment that does not contain tk sequences, was isolated from pJC2. pJC2 was made by digesting pLS/tsϩ5/ϩ15 (5) with EcoRI and HindIII and ligating the purified 550-bp fragment into EcoRI-and HindIII-digested pBluescriptII KS(ϩ) (Stratagene, La Jolla, Calif.). All blots were stripped and reprobed for gB and ICP8. The probe for gB transcripts was a 900-bp PstI fragment from pSG18:SalE (44) . The ICP8 probe was a 1.4-kb PstI-PstI fragment from plasmid pJC8, which was constructed by digesting pSG18Sal I-A (27) with PstI and ligating the 1.4-kb PstI-PstI fragment into PstI-digested pBluescriptII KS(ϩ). Hybridized blots were exposed to Kodak X-ray film, and the resulting autoradiograms were scanned by using ScanWizard and Adobe Photoshop. Quantification was performed with NIH Image.
RESULTS
Stabilities of the 1.4-and 5.6-kb UL24 transcripts. Previous data suggested that the temporal expression of UL24 transcripts was regulated by differential polyadenylation (6). Short transcripts (e.g., 1.4 kb), utilizing the UL24 poly(A) site, are expressed maximally at early times in infection and then decrease, whereas long transcripts (e.g., 5.6 kb), processed at the UL26 poly(A) site, continue to accumulate throughout infection. However, another interpretation of the data was that the shorter transcripts are inherently less stable than the longer transcripts. To address these alternative hypotheses, we assessed the stabilities of the 1.4-and 5.6-kb transcripts. Vero cells were infected with HSV-1 KOS1.1 (wt) at 10 PFU/cell. At 5 h postinfection, further RNA synthesis was inhibited by addition of actinomycin D (5 g/ml). Total RNA was isolated at 0.5-h intervals, poly(A) selected, and analyzed by Northern blot hybridization with a UL24-specific probe. Representative data are shown in Fig. 2 . Quantification of the 1.4-and 5.6-kb bands showed that the relative levels of the two transcripts were similar at all time points following actinomycin D addition, indicating that the decay rates were similar. Additionally, the relative levels of the 0.9-and 5.2-kb UL24 transcripts that initiate at or near nucleotide 48076 (6) were similar following actinomycin D treatment ( Fig. 2A) , indicating that the stabilities of these transcripts were not significantly different. These data are consistent with the idea that the different kinetics of expression of the short and long UL24 transcripts are due to differential usage of the UL24 and UL26 poly(A) sites and not due to different decay rates.
Infection of cells with ICP27 mutants has little effect on 1.4-kb transcript levels but causes a reduction in 5.6-kb transcript levels. During transcription of the UL24 locus, the UL24 poly(A) site is encountered first by the cellular transcriptional/ processing machinery and thus has a major advantage over the more distal UL26 poly(A) site (11, 66) . However, long UL24 transcripts, which are processed at the UL26 site, are as abundant as or more abundant than those that initiate at the same promoter and utilize the UL24 poly(A) site. Thus, based on the abundance of short transcripts relative to long transcripts in virus-infected cells, the UL24 polyadenylation signal is operationally weak. Previous studies using transfected plasmids and in vitro polyadenylation reactions suggested that the essential regulatory HSV-1 gene, ICP27, stimulates usage of weak polyadenylation signals (35, 57) . Thus, we hypothesized that ICP27 might stimulate the expression of the 1.4-kb UL24 transcript that is processed at the UL24 poly(A) site. This hypothesis predicted that deletion of the ICP27 gene would decrease levels of the 1.4-kb mRNA but not the larger 5.6-kb transcript.
Therefore, we infected Vero cells with three ICP27 mutants, d27, n263R, and n504R (48) , and determined the relative levels of the 1.4-and 5.6-kb UL24 transcripts. Mutant d27 harbors a 1.6-kbp deletion at the ICP27 locus and is devoid of any known ICP27 function. Mutant n263R contains a nonsense codon at ICP27 codon 264 and expresses only the N-terminal half of the protein; mutant n504R has a nonsense codon at ICP27 codon 505 and lacks eight codons from the ICP27 C terminus. Additionally, both d27 and n263R accumulate reduced levels of viral DNA (6 to 23% of wt levels), whereas n504R synthesizes viral DNA levels similar to those of wt virus. The three ICP27 mutants do not express true late (␥-2) genes; n504R expresses wt levels of leaky-late (␥-1) genes, mutant n263R is able to express some ␥-1 genes, and mutant d27 does not fully activate the expression of most ␥-1 genes (48). All three viral mutants are unable to form plaques on Vero cells but can replicate on the complementing cell line V27 (48) .
RNA was isolated from Vero cells infected with wt, d27, n263R, or n504R at 5 and 10 h postinfection and analyzed by Northern blot hybridization (Fig. 3) . The data were quantified by scanning the resulting autoradiograms. At 5 h h-postinfection, the levels of both short and long UL24 transcripts were lower in mutant-infected cells than in wt-infected cells. However, by 10 h postinfection in the mutant-infected cells, the levels of the short transcripts were similar to or exceeded those in the wt-infected cells at any time postinfection (Fig. 3) . In contrast, at 10 h postinfection, the levels of long UL24 transcripts were reduced in n504R-infected cells and were even more dramatically reduced in cells infected with d27 or n263R compared to wt-infected cells (Fig. 3) . Accordingly, at 10 h postinfection, the molar ratios of the short to long transcripts in n504R-, d27-, and n263R-infected cells were 0.7, 9.2, and Ͼ10.0, respectively. The molar ratios for d27 and n263R were much higher than that of the wt virus (0.1).
Previous results have shown that ICP27 is required for ␥-2 gene expression and can stimulate the expression of certain ␥-1 genes (32, 48, 49, 51, 52) . The 5.6-kb transcript is expressed with ␥-1 kinetics (6). To determine if the substantially decreased 5.6-kb transcript levels in the three ICP27 mutants resulted solely from a general inability of the mutants to express ␥-1 genes, the Northern blot in Fig. 3 was stripped and reprobed for the HSV ␥-1 gene gB. At 10 h postinfection, there was somewhat less gB mRNA in cells infected with the three ICP27 mutants than in wt-infected cells (Fig. 3, middle) . Next, we reprobed the blot in Fig. 3 for ICP8 , an HSV ␤ gene. Consistent with previous results (32, 64), ICP8 expression was increased or unaffected in ICP27 mutant-infected cells. In particular, there was ample expression of gB and ICP8 transcripts at 5 h postinfection; thus, the low levels of UL24 transcripts detected at this time were not due to trivial causes such as poor RNA recovery. Taken together, these results indicate that in ICP27 mutant-infected cells, the reduced expression of the long UL24 transcripts at 10 h postinfection was a bona fide property of the ICP27 mutants.
The ICP27-complementing cell line V27 restores the expression of the 5.6-kb transcript by d27. To determine if the observed decrease in 5.6-kb transcripts relative to 1.4-kb transcripts in the d27-infected cells was due to absence of ICP27, we asked whether the wt ratio of 1.4-kb transcript to 5.6-kb transcript could be restored by d27 infection of V27 cells, an ICP27-complementing cell line (48) . Vero or V27 cells were infected with wt virus or mutant d27, and total RNA was isolated, poly(A) selected, and analyzed by Northern blot hybridization. At 10 h postinfection, the levels of the 1.4-kb transcript were similar in all cases; however, the levels of the 5.6-kb transcript were drastically reduced in d27-infected Vero cells. In this experiment, d27 infection of Vero cells yielded a ratio of 1.4-kb transcripts to 5.6-kb transcript of 1.9 (Fig. 4,  lane 3) . However, when the ICP27-complementing cell line V27 was infected with d27, the ratio of 1.4-kb transcript to 5.6-kb transcript was similar to that of wt-infected V27 cells (Fig. 4, lanes 2 and 4) . Similar ratios were observed in wt-and d27-infected V27 cells at 7.5 h postinfection (16) . Thus, the reduced levels of 5.6-kb UL24 transcripts observed in d27-infected Vero cells can be attributed to the absence of ICP27.
The reduced levels of the 5.6-kb UL24 transcript are not due solely to inhibition of DNA replication. The results in Fig. 3 showed that cells infected with all ICP27 mutants accumulated reduced amounts of UL24 transcripts compared to wt-infected cells. Only when cells were infected with mutant n504R were levels of the 5.6-kb transcript readily detectable at 10 h postinfection (Fig. 3, lane 8) . As mutant n504R replicates viral DNA efficiently (48) , it was conceivable that the low levels of the 5.6-kb transcript in d27-and n263R-infected cells resulted solely from reduced DNA replication and not the absence of ICP27. To determine if inhibition of viral DNA synthesis was responsible for the low 5.6-kb transcript levels, we infected Vero cells with either wt or d27 in the presence of the viral DNA synthesis inhibitor PAA. Northern blot hybridization of poly(A)-selected RNA isolated at 5.5 h postinfection (Fig. 5) showed that in the presence of PAA, the 5.6-kb transcript was evident in wt-infected cells, with a 1.4-kb/5.6-kb transcript ratio of 0.2, whereas in d27-infected cells the 5.6-kb transcript was not detected and the 1.4-kb/5.6-kb transcript ratio was Ͼ10.0. Similar amounts of gB transcripts were observed for the two viruses when the blot shown in Fig. 5 was stripped and reprobed with a gB-specific probe (16) . Thus, the decrease in the 5.6-kb transcript in d27-infected cells was not due solely to reduced DNA synthesis.
DISCUSSION
In this study, we have investigated further the temporal regulation of two UL24 transcripts that are transcribed from the same promoter. Our data argue that during viral infection, the temporal expression of the 1.4-and 5.6-kb UL24 transcripts is not due to altered mRNA stabilities. This finding supports the hypothesis that the temporal regulation of the 1.4-and 5.6-kb UL24 transcripts is governed, at least in part, at the level of differential polyadenylation. The promoter-proximal UL24 poly(A) site, which generates the 1.4-kb transcript, should be more efficiently used than the downstream UL26 poly(A) site because it is encountered first by the processing machinery (11, 66) . Instead, except at very early times postinfection, 5.6-kb transcripts processed at the UL26 poly(A) site are more abundant than 1.4-kb transcripts processed at the UL24 poly(A) site; this finding indicates that during viral infection, the UL24 site is operationally weak. Using a series of ICP27 mutants, we found that ICP27, which has been suggested to stimulate usage of weak polyadenylation sites, was not required for 3Ј processing of the 1.4-kb UL24 transcript. We did find, however, that the accumulation of the 5.6-kb transcript required ICP27. Taken together, our results suggest that ICP27 does not stimulate usage of the operationally weak UL24 poly(A) site but may instead play a role in increasing 5.6-kb transcript levels.
ICP27 does not stimulate 3 processing at the UL24 poly(A) site. Our results showing that ICP27 is not required for utilization of the operationally weak UL24 polyadenylation site appear to differ from results of transient transfection and cellfree polyadenylation assays (35, 57) which suggested that ICP27 stimulates the expression of genes containing nonoptimal or inefficiently utilized polyadenylation signals (35, 57) . One interpretation of this apparent difference is that transient transfection and in vitro assays may not accurately reflect the environment within HSV-infected cells. For example, during adenovirus infection, a switch from early to late polyadenylation site usage requires a cis change in the viral genome (11); thus, viral DNA alterations in cis may be needed for bona fide regulation by ICP27. It is also possible that the UL24 poly(A) site is not representative of other inefficiently utilized polyadenylation sites in that it does not require ICP27 for 3Ј processing.
It is thought that cleavage-stimulatory factor is the ratelimiting factor in determining polyadenylation site usage (13, 14, 63) . This multisubunit protein binds GU-or U-rich tracts 3Ј to the poly(A) site signal, AAUAAA (30, 66) . Both the UL24 and UL26 poly(A) sites contain a GU-rich element downstream of the hexanucleotide AAUAAA but not other previously identified consensus elements (31, 53) . In vitro polyadenylation assays have shown that four U's are sufficient for binding of the cleavage-stimulatory factor 64-kDa subunit and that the distance of this site from the AAUAAA motif can influence the polyadenylation site strength (30) . This is of interest since in the UL24 3Ј untranslated region (UTR) the U 4 element is 46 nucleotides downstream of the AAUAAA whereas in the UL26 3Ј UTR the distance between the hexanucleotide AAUAAA and the U tract is shorter, with U 7 35 nucleotides downstream. Whether this is responsible for the weak utilization of the UL24 poly(A) site remains to be determined.
Possible mechanisms of ICP27 in modulating the 5.6-kb transcript accumulation. Our data show that ICP27 is required for efficient accumulation of the 5.6-kb transcript. Because the 1.4-and 5.6-kb transcripts are transcribed from the same promoter (6), it is apparent that ICP27 does not selectively stimulate transcriptional initiation of the 5.6-kb transcript over the 1.4-kb transcript. Rather, ICP27 must exert its selective effects on the 5.6-kb transcript at a step subsequent to transcriptional initiation. We can envision several mechanisms by which ICP27 may stimulate the expression of the UL24 5.6-kb transcript at a step subsequent to transcriptional initiation: by promoting transcriptional elongation and thereby extending the transcripts to the UL26 poly(A) signal, by stimulating poly(A) site selection at the UL26 site, by altering mRNA transport, by stabilizing the 5.6-kb transcript, or by a combination of two or more of these processes. (It is, of course, possible that ICP27 acts both at one of these steps and during transcriptional initiation and that these two processes are linked; however, the ensuing discussion will focus on each of these promoter-distal steps.)
Although there is no direct evidence that ICP27 can stimulate transcriptional elongation, this could explain why expression of the longer 5.6-kb UL24 transcript requires ICP27. Evidence suggests that ICP27 may be required for an HSVinduced factor called LPF (36, 37) . This factor has been shown to promote 3Ј processing at promoter distal poly(A) sites at late times postinfection (37) . Ordinarily, the efficiency of 3Ј processing is reduced by increasing the distance between the 5Ј end of the mRNA and the polyadenylation site; LPF abrogates this effect (37) . If ICP27 is indeed a component of LPF, it may act by increasing transcriptional elongation, permitting efficient utilization of the UL26 poly(A) site, located roughly 4,000 nucleotides downstream of the UL24 poly(A) site. A role for ICP27 in increasing transcriptional elongation could also explain why Uprichard and Knipe found that of two differentially polyadenylated UL52 mRNAs, accumulation of the larger transcript was especially dependent on ICP27 expression (64) . It is also possible that ICP27 is ordinarily required for suppression of polyadenylation late in infection and that this permits the synthesis of longer transcripts.
The possibility that ICP27 promotes usage of the UL26 poly(A) site is consistent with previous observations that ICP27 regulation of certain genes is 3Ј-end dependent (57) and that in vitro, ICP27 stimulates processing at certain late polyadenylation sites (35, 36) . Recently, it has been shown that the carboxy-terminal domain of RNA polymerase II can specifically bind 3Ј-end processing factors (33) . Thus, it is possible that ICP27 interacts simultaneously with the elongating polymerase II complex and 3Ј-end processing apparatus. Alternatively, direct binding of ICP27 to nascent transcripts could also promote use of the UL26 poly(A) site.
ICP27 has been implicated in nuclear and cytoplasmic shuttling (38a, 42, 55a, 61) . It has been proposed that ICP27 may stimulate late gene expression by specifically transporting late gene mRNAs to the cytoplasm (38a, 61). Thus, mRNA regulatory elements present within the 5.6-kb but not the 1.4-kb transcript may be required for export and expression of the 5.6-kb transcript at late times postinfection. It has also been proposed that ICP27 stabilizes mRNAs (2, 39, 60) . In the three ICP27 mutants tested, the peak levels of the 5.6-kb transcript, but not the 1.4-kb transcript, were specifically decreased compared to wt-infected cells. Thus, although the 1.4-and 5.6-kb transcripts exhibited similar stabilities in the presence of ICP27, we cannot rule out the possibility that the stability of the 5.6-kb transcript is decreased in the absence of functional ICP27. The extremely low amounts of long transcripts present in d27-and n263R-infected cells make it difficult to address this issue directly. It has been suggested that the ability of ICP27 to stabilize labile mRNAs resides in its extreme C terminus (2) . This observation is interesting in light of the lower levels of long transcript observed in n504R-infected cells relative to wt-infected cells, since the ICP27 synthesized by n504R lacks the C-terminal eight amino acids.
Studies of ICP27 have been complicated by the multifunctional nature of the protein. The effect of ICP27 mutants on UL24 transcript levels should prove useful in deciphering the role of ICP27. Since distinct UL24 transcripts are generated from the same promoter but utilize different polyadenylation sites, the apparent effects of ICP27 on transcriptional initiation (54) can be separated from regulation occurring subsequently. Thus, the UL24 gene should provide a useful model for elucidating ICP27 function.
